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The effects of the nose shape of rigid indenters on the indentation behaviour of polymethacrylimide (PMI)
and polyetherimide (PEI) foams with different densities are investigated. Experimental results show that
indentation resistance depends on the geometry of the indenter and the density of the foam. Analytical
models based on the deformation mechanisms observed in experiments are developed to predict the
indentation resistance. It shows that the analytical predictions are in good agreement with experimental
measurements for a range of polymeric foams. This study presents a complete and systematic experimen-
tal data on the indentation behaviours of a range of polymeric foams and demonstrates the capability of
the analytical model to predict the indentation behaviours of PMI and PEI foams.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Polymeric foams are widely used as core materials for sandwich
structures in automotive and aerospace industries due to their
light weight and high speciﬁc stiffness. They are also used in
non-structural applications for cushioning, packaging and insulat-
ing purposes because of their energy absorbing properties and
good vibration attenuation and thermal and acoustic insulations
(Liu and Subhash, 2004). During the service life of polymeric foams
or foam-cored sandwich structures, indentation and low velocity
impacts by foreign objects are likely to occur (Abrate, 1998). Con-
sequently, a good understanding of indentation and impact re-
sponse of both sandwich structures and foam cores is necessary
to predict and assess their consequent damages. Indentation and
penetration behaviours of polymeric foams loaded by non-deform-
able indenters depend mainly on the impact velocity, material
properties of the foam target and the geometry of the indenter
(i.e. nose shape, diameter and the length of indenter). Although,
the effect of the nose shape of an indenter on the response of sand-
wich panels has been widely studied (Mamalis et al., 2008), there is
limited research about the nose shape effect on the response of
structural polymeric foams.
Quasi-static indentation test has been used to understand low
velocity impact response of composites (Nettles and Douglas,
2002). Several analytical models have been developed to predict
indentation resistance during quasi-static indentation of alumin-
ium foams (Olurin et al., 2000; Ramachandra et al., 2003), but little
analytical work has been done for polymeric foams. Olurin et al.ll rights reserved.
: +44 161 3063849.
M. Li).(2000) used indentation test on aluminium foams to obtain mate-
rial properties, i.e. plateau stress and tear energy.
Numerical simulations of quasi-static indentation into poly-
meric foams have been studied by several authors, e.g. (Gilchrist
and Mills, 2001; Mills and Gilchrist, 2000; Rizov, 2007), but they
are limited to hemi-spherical and ﬂat nose indenters. Low velocity
impact of polyurethane foams by cylindrical indenter, rectangular
block and wedge-tipped block was reported in Shim et al. (2000). It
was found that the resulting deformation is governed by the geom-
etry of the impactor. With a rectangular block, deformation is con-
centrated in the region beneath the impactor. With a cylinder, a
small amount of lateral deformation is observed although the ma-
jor deformation again occurs beneath the impactor. For the wedge-
tipped impactor, material surrounding the tip is pushed apart by
the two inclined faces and thus deforms as they press against
and slide along the sides of the impactor. There is relatively small
deformation beneath the wedge tip. A common feature for all imp-
actors is that gross deformation is conﬁned to their immediate
vicinity and there is a well-deﬁned boundary between deformed
and undeformed regions.
This research is motivated by the lack of knowledge in the
study of indentation behaviour of polymeric foams. Experimental
results on four polymeric foams subjected to quasi-static loading
of indenters with conical (three different angles), truncated-coni-
cal, ﬂat and hemi-spherical (four different diameters) nose shapes
are reported in this study. Various mechanisms, which inﬂuence
the indentation resistance, are identiﬁed. Analytical models are
developed to predict the indentation resistance measured in
experiments. A complete description of material properties of
the studied polymeric foams will be presented in Section 2.
Section 3 describes the indentation tests and experimental
results. Analytical models based on experimental observations
Table 1
Mechanical properties of Rohacell WF and Airex R82 foams.
1988 E.A. Flores-Johnson, Q.M. Li / International Journal of Solids and Structures 47 (2010) 1987–1995will be proposed in Section 4, which is followed by conclusions in
Section 5.Foam E (MPa) ry (MPa) ey (%) ed (%)
Rohacell 51WF 44.6 0.85 3.9 68.7
Rohacell 11OWF 143.3 3.80 3.6 65.3
Airex R82.60 28.4 0.71 3.4 60.3
Airex R82.80 42.1 1.13 3.3 58.42. Material properties
Commercially available high performance structural polymeric
foams Rohacell WF and Airex R82 are used in this investigation.
Rohacell foams include 51WF and 110WF with nominal densities
of 52 and 110 kg/m3, respectively (Rohacell, 2008), which are
PMI (polymethacrylimide) closed-cell rigid foams. Mechanical
properties of Rohacell WF have been extensively studied (Li and
Mines, 2002; Li et al., 2006, 2000; Flores-Johnson et al., 2008;
Zenkert et al., 2006; Zenkert and Burman, 2009). In addition to
Rohacell WF foams, two PEI (polyetherimide) closed-cell thermo-
plastic foams, Airex R82.60 and R82.80 with nominal densities of
60 and 80 kg/m3, respectively (Airex, 2009), are also investigated.
Yoon et al. (2002) and Kuwabara et al. (2005) have reported the
mechanical properties for Airex R82 foams. The densities of the
foams were measured as 57.18 ± 1.17, 125.18 ± 0.36, 63.86 ± 0.19
and 85.30 ± 0.15 (kg/m3) for Rohacell 51WF, Rohacell 110WF, Airex
R82.60 and Airex R82.80, respectively.
2.1. Uniaxial compression test
Uniaxial compression tests for Rohacell 51WF and 110WF
foams have been reported in Flores-Johnson et al. (2008). Uniaxial
compression tests for Airex R82 foams were performed to obtain
their stress–strain relations. The foam specimen dimensions are
100  100  60 mm where 60 mm is the thickness. The test was
carried out on a standard INSTRON 200 kN servo-hydraulic ma-
chine at room temperature (22 C) and relative humidity of 27%.
The compressive load was applied in thickness direction under a
quasi-static condition, at a cross-head speed of 3 mm/min corre-
sponding to a nominal strain rate of 8.3  104 s1.
Fig. 1 shows the compressive stress–strain curves for Airex R82
foams. Similar to Rohacell WF foams (Flores-Johnson et al., 2008),
three regimens were observed, i.e. (1) initial linear-elastic regime,
(2) a plateau regime, in which the stress is almost constant or
slightly increased, and (3) a densiﬁcation regime where the stress
increases rapidly with the further increase of the strain. From the
elastic regime, Young’s modulus E, yield strain ey and yield stress
rywere obtained. The results are summarised in Table 1 along with
the results for Rohacell WF foams obtained in previous research
(Flores-Johnson et al., 2008).
In the plateau regime, the stress is almost constant for Airex
R82.60 foam while Airex R82.80 presents a slight strain-hardening.
Strain-hardening is associated with the uniform deformation
shown in Fig. 2 for Airex R82.80 and other publications, e.g. poly-Fig. 1. Uniaxial compression stress–strain and efﬁciency–strapropylene foam in Zhang et al. (1998), which is in contrast with
the progressive crushing identiﬁed in Rohacell WF foams in their
plateau regimes (Flores-Johnson et al., 2008).
It can be observed in Fig. 1 that the transition strain between
the plateau and the densiﬁcation regimes for Airex R82 foams can-
not be clearly deﬁned unlike in Rohacell WF foams where an
abrupt increase of the stress can be used to represent the onset
of densiﬁcation. To determine the densiﬁcation strain ey, a method
describe in Li et al. (2006), Avalle et al. (2001) and Miltz and Ramon
(1990), based on maximum of energy absorption efﬁciency curve
was adopted
gðeÞ ¼ 1
rðeÞ
Z e
0
rðeÞde: ð1Þ
Fig. 1 shows the compressive stress–strain curves and the energy
absorption efﬁciency–strain curves for Airex R82 foams. The maxi-
mum of the energy absorption efﬁciency is corresponding to the
densiﬁcation strain (Tan et al., 2002). Table 1 also presents the val-
ues of the densiﬁcation strain ed obtained for Airex R82 foams using
above methodology and for Rohacell WF obtained in Flores-Johnson
et al. (2008).3. Quasi-static indentation test
A series of quasi-static indentation tests were conducted for
Rohacell WF and Airex R82 foams using a range of steel indenters
shown in Table 2. The average roughness of the indenters was
measured as 0.43 lm using a Surtronic 3+ roughness measuring
instrument. The indenters were mounted in a standard 200 kN IN-
STRON servo-hydraulic testing machine and the load was applied
at a nominal strain rate of 8.3  104 s1 at room temperature
(22 C) and relative humidity of 27%. The indenters were pushed
into the foam specimens up to 50 mm maximum depth.
100  100  100 mm cube was used for Rohacell WF foams. For
Airex R82 foams, the same 100  100  60 mm cuboid used for
uniaxial compression test was adopted.
Fig. 3 shows typical force–indentation curves using hemi-spher-
ical indenters #6, 7, 8 and 9 for Rohacell 51WF foam, in which, two
distinct regimes are identiﬁed for each of these curves, i.e. a regimein curves for Airex foams: (a) R82.60, (b) R82.80 foams.
Fig. 2. Deformation of Airex R82.80 foam: (a) no deformation, (b) at 0.3 compression strain, (c) at 0.45 compression strain, and (d) at 0.6 compression strain.
Table 2
Indenter geometries.
Indenter # Nose geometry Type D (mm) l (mm) b () y ¼ yðxÞ
1 Conical 20 36 74.5
2 20 10 45 y = x cot (b)
3 20 6 31
4 Truncated 20 18 74.5 y ¼ 5þ x cotðbÞ
5 Flat 20 – 90 y ¼ 10
6 Hemi-spherical 16 – –
y ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðD=2Þ2  ½x ðD=2Þ2
q
7 20
8 25
9 32
Fig. 3. (a) Force–indentation curves using hemi-spherical indenters, (b) variations of the normalized force with normalized indentation for Rohacell 51WF.
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the indenter nose and a plateau-like regime with a slight increaseof the force after the complete immersion of the indenter nose. It
can also be observed that the indentation corresponding to the
1990 E.A. Flores-Johnson, Q.M. Li / International Journal of Solids and Structures 47 (2010) 1987–1995beginning of the plateau-like regime depends on the diameter of
the indenter. Some oscillations were observed in the force–inden-
tation curve which increases with the increase of radius of the in-
denter and indentation depth. These oscillations can be attributed
to the repeating cycles of yield, collapse and densiﬁcation of the
material as observed in aluminium foams by Olurin et al. (2000).
Intermittent release of elastic energy with the progression of
indentation may be another factor to explain these oscillations.
As indentation increases, the indenter is supported by an increas-
ing crushed zone of densiﬁed material and the further crushing re-
sults in the local jumping-like response. The emission of noise was
also heard each time when the force dropped in each oscillation.
The increases of force in the plateau-like regime and the start-
ing point of the plateau-like regime with the radius of the indenter
in Fig. 3(a) depend on the geometrical dimensions of the hemi-
spherical indenter. Such dependences can be largely reduced when
the force is normalized by the transverse cross-sectional area of the
indenter pD2/4 and the indentation displacement is normalized by
the radius of the indenter D/2, as shown in Fig. 3(b). However, a de-
crease of the normalized force with the increase of the diameter of
the indenter can still be seen in Fig. 3(b). This can be attributed to
the fact that the normalization only takes the geometrical inﬂu-
ence on the crushing resistance into consideration while the tear-
ing resistance also contributes to the total indentation force Olurin
et al. (2000).
Typical force–indentation curves for conical indenters (#1,#2,
#3), truncated indenter (#4), ﬂat indenter (#5) and hemi-spherical
indenter (#7) for Rohacell 51WF, Rohacell 110WF, Airex R82.60 and
Airex R82.80 foams are depicted in Figs. 4–7, respectively.
Based on experimental results observed in Figs. 3–7, the inden-
tation responses of Rohacell WF and Airex R82 foams by different
indenters are summarised below.3.1. Conical indenters
Force increases gradually with the indentation depth as the
contact area between the indenter and the specimen increases.
Two factors contribute to this response, i.e. (i) the crush zone in
the surrounding area of the indenter increases with the increase
of indentation; (ii) the friction zone in the slant indenter-specimen
interface also increases (Ramamurty and Kumaran, 2004). As ex-
pected, the indentation force at a given indentation depth in-
creases with the decrease of angle b due to the increase of the
axial contributions from the crushing stress. For sharp noses (i.e.
large value of b, e.g. indenters #1 and #2), no crashing zone wasFig. 4. Experimental and predicted force–iobserved in front of the tip of nose. However, for blunt noses (i.e.
small value of b, e.g. indenter #3), a crush zone in front of the in-
denter nose tip is observed in line with the observations on other
blunt nose indenters described later.3.2. Truncated indenter
Force–indentation curves show an initial small elastic regime
due to the stress singularity and strain localization at the perimeter
of the indenter tip (Onck, 2003). After the elastic regime, a contin-
uous and gradual increase of load is observed mainly due to the
crushing of the foam in front of the indenter, tearing of the cell
walls and friction between the foam and the slanted surface of
the indenter.3.3. Flat indenter
Force–indentation curves show an initial elastic regime at very
low strains until reaching a peak load which indicates the onset of
the plastic collapse and crushing of the cells. Plastic regime is char-
acterized by a steady increase of the force as a consequence of the
additional force required to tear the cell walls at the perimeter of
the indenter and the frictional force between the body of the in-
denter and the foam wall.3.4. Hemi-spherical indenter
Force–indentation curves show an initial elastic regime, which
has lower slope than that of ﬂat indenters and gradually increases
with the increase of the contact area with further indentation. An
increase of the force is observed during plastic regime and it can
be attributed to the same tearing, crushing and friction factors
mentioned before.
For all types of indenters, the indentation force was found to be
dependent on the density of the foam. Two distinct regimes were
observed, i.e. the initial immersing regime when the nose of the in-
denter gradually immerse into the foam and the plateau-like re-
gime starting from the moment when the indenter nose has
completely immersed into the foam. Actually, the start of the pla-
teau-like regime did not immediately follow the immersion of the
indenter’s nose into the foam specimen, but after a further small
indentation, which will be further explained in Section 4.3.ndentation curves for Rohacell 51WF.
Fig. 5. Experimental and predicted force–indentation curves for Rohacell 110WF.
Fig. 6. Experimental and predicted force–indentation curves for Airex R82.60.
Fig. 7. Experimental and predicted force–indentation curves for Airex R82.80.
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4.1. Indentation resistance
Based on the indentation tests on Rohacell WF and Airex R82
polymeric foams, the total resisting force FR during the immersing
stage of the indenter nose consists of the crushing force FC, the
tearing force FT and the friction force FF. It was also observed thatafter the complete immersion of the indenter nose, a friction trac-
tion FTR between the indenter body and the foam, which is different
from FF, should be included. Thus, the total resistant force FR can be
expressed as
FRðzÞ ¼ FCðzÞ þ FFðzÞ þ FTðzÞ ð0 6 z 6 lÞ; ð2Þ
FRðzÞ ¼ FCðlÞ þ FFðlÞ þ FTðlÞ þ FTRðzÞ ðz > lÞ; ð3Þ
where z is the indentation depth and l is the length of the nose.
1992 E.A. Flores-Johnson, Q.M. Li / International Journal of Solids and Structures 47 (2010) 1987–1995Consider a rigid, axisymmetric indenter with radius a and a gen-
eral convex nose shape, described by y ¼ yðxÞ, indenting normally
into a semi-inﬁnite medium. The cross-section of the nose is
shown in Fig. 8. If only the normal pressure and the tangential fric-
tion force are considered, the increment of their resultant axial
resistance on the indenter can be estimated using a similar analysis
in penetration study (Jones and Rule, 2000)
dF ¼ 2pyðpn sin hþ f cos hÞds; ð4Þ
where pn is the normal pressure, f is the friction force per unit area
due to the sliding, and
ds ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ y02
p
dx ð5Þ
is the increment of the arc length on the surface of the nose. From
the geometry in Fig. 8
y0 ¼ dy
dx
¼ tan h; ð6Þ
sin h ¼ y
0ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ y02
p ; ð7Þ
cos h ¼ 1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ y02
p : ð8Þ
Substituting Eqs. (5), (7) and (8) into Eq. (4)
dF ¼ 2pyðy0pn þ f Þdx; ð9Þ
which can be integrated between x = 0 and l (length of the nose) to
give the total axial resistance on the nose of the indenter
F ¼ 2p
Z l
0
ðyy0pn þ yf Þdx; ð10Þ
which includes both crushing and friction resistance terms, i.e.
F ¼ FC þ FF : ð11Þ
The tearing force FT can be deﬁned as
FT ¼ 2pC
Z z
0
y0 dx ð0 6 z 6 lÞ; ð12Þ
where C is the tearing energy per unit area (Olurin et al., 2000).
It has been observed on low density PMI foam (Rohacell WF51)
in Li et al. (2000) that the compressive stress and hydrostatic stress
have close values and remain relatively constant before densiﬁca-
tion is reached, which implies that the normal pressure (pn) in Eq.
(10) can be approximated by the yield stress ry in the present
study, i.e.Fig. 8. Cross-section of an axisymmetric indenter with a convex nose shape.pn ¼ ry: ð13Þ
The friction f is proportional to the normal pressure through the
coefﬁcient of friction (lC) between the crushed foam and the
indenter
f ¼ lCpn: ð14Þ
Substituting Eqs. (11)–(14) into Eqs. (2) and (3), axial indentation
resistance can be predicted by
FR ¼ 2p
Z z
0
ðyy0ry þ lCryyþ Cy0Þdx ð0 6 z 6 lÞ; ð15Þ
FR ¼ 2p
Z l
0
ðyy0ry þ lCryyþ Cy0Þdxþ a lpð Þðz lÞ
" #
ðz > lÞ; ð16Þ
where (lp) is the friction traction (i.e. the friction force per unit
area) between the foam wall and the body of the indenter after
the nose has completely immersed into the foam. It should be noted
that the pressure on the side of the indenter (p) is different from the
normal pressure (pn) on the nose of the indenter because it depends
on the elastic recovering of the crushed foam around the body of the
indenter. The friction coefﬁcient (l) between the body of the inden-
ter and the crushed foam may have different value from lC because
the surface of the crushed foam in front of the indenter nose is dif-
ferent from that on the side of the indenter body, as shown in Figs. 9
and 10. Therefore, the friction traction (lp) will be treated as a sin-
gle quantity, which will be determined later.
In order to ﬁnd a procedure to determine parameters in Eqs.
(15) and (16), careful examinations of the indented specimens
were performed to identify the different forces involved in differ-
ent indentation stages for each particular indenter. A cross-sec-
tioned specimen of Rohacell 51WF indented with indenter #4
can be observed in Fig. 9. Crushing, tearing and friction forces were
clearly need to be considered. Friction traction on the body of the
indenter also needs to be considered after the nose has been im-
mersed completely. A schematic representation of the indentation
is shown in Fig. 9(b). Fig. 10 shows the cross-sections of the in-
dented specimens for all types of indenters used in this study. Sim-
ilar indentation mechanisms were observed for Rohacell 110WF
foams. Photographs in Fig. 10 were taken after indenters were re-
moved. Elastic recovery was estimated by measuring the diameter
of the cavity and the maximum indentation. It was found that the
recovery measured by [(dod)/do]  100%, where do is the indenter
diameter and d is the cavity diameter, is less than 5%.
For Airex R82 foams, different indentation mechanisms from
those observed for Rohacell WF foams were identiﬁed when the
indentation is greater than the nose length. The crushed zone
was not only concentrated in front of the nose of the indenter
but also spread through a truncated cone-shaped shear plug of
diameter DC, as shown in Fig. 11 for indenter #5. This effect
was also observed for other blunt indenters (#3, #4 and #7)
(Fig. 10) for both Airex R82.60 and R82.80 foams. Shear plug ef-
fect has been observed in penetration of carbon-epoxy laminates
(López-Puente et al., 2008) and concrete (Yankelevsky, 1997). In
this case, the crushing and tearing forces are not constant since
the diameter DC of the truncated cone-shaped shear plug in-
creases with indentation. It is evident that friction will not
contribute to the total indentation resistance (FR), and therefore,
Eq. (16) is replaced by
FR ¼ FC þ FT ðz > lÞ ð17Þ
for Airex R82 foams, in which
FC ¼ pD
2
Cry
4
and FT ¼ pDCC; ð18a;bÞ
and DC ¼ Dþ 2ðzþ hÞTana; ð19Þ
Crushed zones (FC) 
INDENTER 
Tearing line (FT) 
FOAM 
FF
FTR
ba 
Fig. 9. (a) Cross-section of the indented Rohacell 51 WF specimen by indenter #4, (b) schematic representation of the indentation.
Fig. 10. Cross-section of the indented Rohacell 51WF specimens: (a) indenter #1; (b) indenter #2; (c) indenter #3; (d) indenter #4; (e) indenter #5; (f) indenter #7 and
indented Airex R82.80 specimens (g) indenter #1; (h) indenter #2; (i) indenter #3; (j) indenter #4; (k) indenter #5; (l) indenter #7.
a 
b 
∠ α
IndenterTearing line Crushed 
foam (VC) 
z h 
FOAM 
DC
Fig. 11. (a) Cross-section of the indented Airex R82.80 specimen by indenter #5, (b) schematic representation of the indentation.
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crushed volume, respectively, and a is the angle between the tearing
line and the vertical axis. This angle was measured for Airex R82.60
and R82.80 as 0.055 rad (3.15) and 0.18 rad (10.31), respectively.In order to obtain a relationship between z and h, the principle
of mass conservation was used, i.e. the mass of the initial volume VI
of the truncated cone delimited by the tearing surface, the front
surface of the crushing zone (diameter of Dc) and the entry face
0 10 20 30 40 50
0.0
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2.4
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3.0
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D
F
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π
zx
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F
C
P 31046.4629.0 −+=
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F p
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C 
(x1
0-
2 k
N
/m
m
)
 Rohacell 51WF
 Rohacell 110WF
 Airex R82.60
 Airex R82.80
F p
(kN
)
Indentation z (mm)
Fig. 13. Normalized load versus indentation for Airex R82 foams and plateau load
versus indentation with indenter #5 for Rohacell WF foams.
1994 E.A. Flores-Johnson, Q.M. Li / International Journal of Solids and Structures 47 (2010) 1987–1995of the indenter (diameter of D) must be equal to the mass of the
crushed volume VC (Fig. 11), i.e.
VIq ¼ VCqC ; ð20Þ
where q* and qC are the initial and crushed densities of the foam,
respectively. The densiﬁcation strain of the foam can be expressed
as Gibson and Ashby (1997)
ed ¼ 1 1:4 qqS
 
; ð21Þ
where qS is the density of the solid, from which the cell walls of the
foam are made. Assuming that qC = qS, Eqs. (20) and (21) can be
combined to obtain the following relationship
1
3
pðzþ hÞ D
2
 2
þ Dþ 2Tanaðzþ hÞ
2
 2"(
þDðDþ2Tanaðzþ hÞÞ
4

q ¼ 1
3
ph Dþ 2zðTanaÞ
2
 2"(
þ Dþ 2Tanaðzþ hÞ
2
 2
þ Dþ 2zðTanaÞ
2
 
 DðDþ 2Tanaðzþ hÞÞ
2
 
1:4q
1 ed
 
: ð22Þ
Solving Eq. (22) numerically, h was obtained for different indenta-
tions z. The results are shown in Fig. 12 along with z and hmeasured
from the sectioned specimens indented by indenter #5 (ﬂat inden-
ter). The relationship between z and h was obtained after ﬁtting a
linear curve to the measured data in Fig. 12, i.e.
h ¼ 0:39z; ð23Þ
to substitute the implicit relationship between h and z in Eq. (22). If
we consider that the increase of DC starts after the indenter nose is
completely immersed into the foam and replace h in Eq. (19) using
Eq. (23), following expression can be obtained
DC ¼ Dþ 2½1:39ðz lÞTana: ð24Þ
Therefore, when z > l, the total indentation resistance in Airex R82
foams can be calculated by Eq. (17) together with Eqs. (18) and
(24) for blunt indenters (e.g. #3, #4, #5, #7) when shear plugging
mechanism becomes dominant.
4.2. Determination of parameters in indentation formulae
Experimental results for ﬂat indenter can be used to determine
the tearing energy and the friction traction in the analytical modelFig. 12. Indentation z and height of the crush volume hmeasured and calculated for
Airex R82 foams.described in Section 4.1. Fig. 13 shows the normalized force FP/pDC
versus indentation z for Airex R82 foams for ﬂat indenter (#5) and
the linear ﬁtting curves that were compared with Eq. (17) to obtain
the values of the tearing energy C, which are presented in Table 3.
For Rohacell WF foams, the total indentation force FP after the
indenter nose has completely immersed into the foam for a ﬂat
nose indenter (#5) can be express as
FP ¼ pD
2rP
4
þ pDCþ pD lpð Þz for z > l: ð25Þ
Fig. 13 shows indentation force versus indentation for Rohacell WF
foams along with linear ﬁtting curves. Comparing the equations of
the linear ﬁtting curves with Eq. (25), the tearing energy C and
the traction force per unit area lp were determined, which are gi-
ven in Table 3.
4.3. Comparison between analytical and experimental results
Figs. 4–7 show the quasi-static indentation experimental re-
sults along with predictions from Eqs. (15)–(17) for Rohacell WF
and Airex R82 foams. Nose shape functions used for all the inden-
ters are shown in Table 2. Values of rP, C, lp and tana used for
Rohacell WF and Airex R82 foams are shown in Table 3. In general,
reasonably good agreements are observed between experimental
and analytical predictions for all indenters except indenter #2. It
can be observed in Figs. 10 and 11 that the crushed foam in the
wall of the specimen was dragged causing some cracks, and thus,
a higher indentation force was required, which was not considered
in the model. It should be noted that responses for large indenta-
tions in Figs. 6 and 7 are associated with the interaction between
the crushed foam and the rigid boundary supporting the foam
sample, which is not considered in the analytical model, and there-
fore, the proposed analytical model is unable to predict the inden-
tation resistance after the front of the crushed foam reaches the
rigid support.
It was noticed in experimental results (Figs. 4–7) that after the
nose of the indenter is completely immersed in the foam, the
indentation force increases continuously until reaching a stable
plateau-like regimen. In other words, the transition of the force–
indentation curve from nose immersion to plateau-like regimen
does not happen immediately when the nose was completely im-
mersed (e.g. z = 36 mm for Indenter #1), but 1–3 mm later. For this
reason, analytical predictions of the hardening plateau were
underestimated since the model did not take this delay into ac-
count. Careful examinations were made to those sectioned speci-
mens and in numerical simulations in order to explain this
Table 3
Traction forces per unit area lp and tear energies C for Rohacell WF and Airex R82
foams.
Foam rP (MPa) (Flores-Johnson et al.,
2008)
C (kJ/
m2)
lp
(MPa)
tana
Rohacell
51WF
0.85 1.39 0.094 –
Rohacell
11OWF
3.80 5.64 0.115 –
Airex R82.60 0.71 2.73 0.090 0.055
Airex R82.80 1.13 4.44 0.120 0.180
E.A. Flores-Johnson, Q.M. Li / International Journal of Solids and Structures 47 (2010) 1987–1995 1995phenomenon. It was found that the extra force required before
reaching the plateau-like regime is due to localised elastic defor-
mations of the foam around the perimeter of the indenter Rama-
murty and Kumaran (2004).
The analytical model proposed in Section 4.1 is partially based
on experimental data from ﬂat nose indentation tests. It would
be interesting to compare the material parameters obtained from
ﬂat nose indentation tests with those obtained from independent
material tests when they become available.
5. Conclusions
Quasi-static indentation experiments are reported in this paper
on two PMI foams (Rohacell WF series) and two PEI foams (Airex
R82 series) for a wide range of indenter’s nose shapes. It is found
that both nose shape and foam density have large inﬂuence on
the indentation resistance. Two indentation regimes, i.e. an
immersing regime and a plateau-like regime, are observed in all
indentation tests. Different indentation mechanisms are presented
for Rohacell WF foams and Airex R82 foams in the plateau-like re-
gime for blunt indenters. It is interesting to ﬁnd the truncated
cone-shaped shear plug in Airex R82, which spreads the crushing
damage to a wide zone during the indentation process and leads
to an increased indentation resistance. Analytical models based
on experimental observations are proposed to predict the indenta-
tion resistance in both types of foams. Parameters in these analyt-
ical models have clear physical meanings and can be determined
by indentation experiments of ﬂat nose indenters. Good agreement
was observed between analytical predictions and experimental
results.
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